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ABSTRACT

Alloy 22 (N06022) is the current candidate alloy to fabricate the external wall of the high level
nuclear waste containers for the Yucca Mountain repository. It was of interest to study and compare the
general and localized corrosi@usceptibility of Alloy 22 in saturated NaF solutions (~ 1 M NaF) at
90°C. Standard electrochemical tests such as cyclic potentiodynamic polarization, amperometry, pote
tiometry, and electrochemical impedance spectroscopy were used. Studied variablbsdinici sal-
tion pH and the alloy microstructure (thermal aging). Results show that Alloy 22 is highly resistant to
general and localized corrosion in pure fluoride solutions. Thermal aging is not detrimental and even
seems to be slightly beneficial forigeral corosion in alkaline solutions.

Keywords: N06022, fluoride, pitting corrosion, crevice corrosion, transpassivity, thermal aging, cyclic
polarization, EIS, corrosion rate, nuclear waste disposal

INTRODUCTION

Worldwide, geological repository hdseen considered as the ultimate home for Hegrel ru-
clear waste by many countries. In the United States, Yucca Mountain is the designated site {@ bury a
proximately 70,000 tons of higlevel nuclear wastes in specially engineered packadésse packages
are designed to maintain isolation of the waste for a minimum of 10,000 years and the containers will be
double walled cylinders. The inner wall must provide mechanical strength and the outer thalcis-



rosion resistant barrier. The current design specifies Type 316 (S31603) nuclear grade (NG) stainless
steel for the inner container and Alloy 22 (N06022) for the outer contdifiefThe waste container
should not leak radioactive material for at least 10,000 years. If water is present in the repository site, it
is assumed that Alloy 22 may undergo three different corrosion amesins, namely, (1) General or
uniform corrosion, (2) Localized corrosion and (3) Stress corrosiorkitrgé This paper discusses only

the first two types of degradation.

Due to the heat generated by the radioactive decay of the waste, tlagnesatmight experience
temperatures as high as 180°C during the first 1000 years after emplacement. The maximum allowed
temperature by design specifications is 356°GStudies of the thermal stabilityf Alloy 22 for such a
long time are impractical in the laboratory. Extrapolation of the thermal aging data is required to predict
the alloy behavior over the 10,000 years life. Previous studies have shown that the mechanical and co
rosion properties othis alloy did not change when it was aged for up to 40,000 h at 42%%QMViicro-
structural changes that occur in the base material andmagzits have been evaluated at temperatures
from 427 to 760°C. Tetrahedral close packed (TCP) phases precipitate in Alloy 22 at temperatures of
593°C and highet®!° These phases could have a detrimental effect upon corrosion resistance and cause
a loss of mechanical ductility. A long range ordering reaction (LRO) can occur at lower tatomesr
and produces an ordered£Gr,Mo) phase’ ®** This ordering reaction is thought to cause little or no
effect on corrosion and causes only a slight loss in ductility.

Many commercial nickel alloys are useful in various applications because of passive oxide films
that form naturally on their surfaces. However, such passive films are often susceptible to breakdown
by mechanisms of pitting and crevice corrosion. TRsetof attack specially occurs in the presence of
halide compound¥:*® Different quantities of fluorides and chlorides can be naturally found in ground
waters. Wile the effects of chloride on the passive state and localized corrosion have been studied e
tensively, the effects of other compounds such as fluorides have not been fully characferized.

It has been reported bysgeral authors that nickélased alloys generally have high resistance to
corrosion in fluoride solution§*°*’ In recent studies the relssidemonstrated that some nickel alloys
containing chromium, molybdenum, and tungsten have shown an excellent resistance to pitting and
crevice corrosion in sodium fluoride solutions at different temperatiirés.

The aim of this study was to investigate the effects of pH and alloy thermal aging in ~ 1 M NaF
solutions on the corrosion behavior of Alloy 22, both at the open circuit potential and in the passive and
transpasive dbmains.

EXPERIMENTAL PROCEDURE

The Alloy 22 specimens were prepared from wrought mill annealed plate gibakprobes).
The chencal composition of the alloy in weight percent w&8.20% Ni, 20.62% Cr, 13.91% Mo,
2.68% W, 2.80% Fe, 0.01% Co, 0.14%0\D.002% C, and 0.0001% Some samples were aged for 10
h at 760°C(TCP probes) and 1000 h at 538°C (LRO probes). Aguag performed in air and thersa
ples were quenched inater after the heat treatment. Parallelepiped specimens mead2rimgn x 12
mm x 15 mmwere mounted with a PTFE compression gasket (ASTM & 5. torque was applied to
the gasket to ensure a lepkoof assembly. The occluded area from the PTFE gasket was 0%&ntn
the eposed area of the sample w#8.5 cnf. The samples had a finished grinding of abrasive paper
number 600 and weresgreased in acetone and washed in distillated water 1 hour prior to testing.
Electrochemical measurements were conducted in a-tlestroek, borosilicate glass cell. A
watercooled condenser combined with a water trap was used to maintain solution concentration and
controlled atmosphere. The solution temperature was controlled by immersing the cell in a thermost
tisized water bath. The tevas equipped with both an air cooled Luggin and a saturated calonel ele



trode (SCE) reference. A large area platinum wire was used as counter electrode. The electrochemical
tests were carried out in room temperature saturated NaF solutions (thesenscdue approximately 1

M NaF) at pH values of 6, 7.3 and 9. The naturally prepared 1 M NaF has a pH of approximately 9. To
adjust the pH to lower values, small amounts of HF were added. The test temperature was 90°C.

The cyclic potentiodynamic pola@ation technique (ASTM G 61} was used to determine the
electrochemical characteristics and susceptibility to localized corrosion of Alloy 22 in these media. The
potential scan was started 150 mV belthe corrosion potential versus the reference electrode. The
scan rate used was 0.167 mV/s, and the scan direction was reversed when the current rdéiched 1
mA/cn?. At the conclusion of the test, the specimens were examined microscopically for sigmsoef
sion. Amperometry measurements were conducted at two selected potentials in the passive and
transpassive domains. Specimens were held potentiostatically at 0.000 and @gg/f0r\a 2 hours
period while the anodic current density was record@dtathodic treatment afl.000 Vscefor 5 minutes
was performed previously to the tests. Before imsivgy the testing specimens, the solutions were
purged for half an hour with nitrogen inert gas and it was maintained during the tests. Electrochemical
Impedance Spectroscopy (EIS) measurements were carried out at the corrosion potential andrat a pote
tial of 0.100 Vsce A 5 mV amplitude sinusoidal potential signal was superimposed to the corrosion
potential of the test probe. The frequency scan was statt& kHz and ended at 1 mHz. The pasm
ters of equivalent circuit mathematical models were fitted to these data in order to obtain polarization
resistances R which led to instantaneous uniform corrosion rat€he Tafel constant§a andfc, were
asumed to be = 0.12 V/decade for the calculation of the corrosion currents fgoralRes.

Corrosion rates were calculated using Equatibn (

CR(mnyyr) :Ki“’r% @

Where i is the passive corrosioourrent density in A/c) EW is the equivalent weight, K is the
faradaic conversion factor (3,270 mm g'Am™ yr') andp is the density in g/crh(8.69 g/cnd for Allo
22). Assuming congruent dissolution of the major alloying elements &s Gi*, Mo®**, Fe’*, and W*
the EW for Alloy 22 is23.28%°

Solutions and precipitates obtained after cyclic polarization measurements were analyzed using
X Ray Fluorescence (XRF). The technique used was Total Reflecti®ay)Fluorescence (TRXF),
which involves very low incident angles. These low angles allow tnays to undergo total reflection.
This minimizes the adsorption of therays and greatly enhances the lower limits of detection. This
allows very accurate derminations of metallic cations. The lamp used in the analysis was equipped
with a molybdenum anode hindering the presence of this element in the analysis. The amount of total
metal cations found both in solutions and precipitates were expressed ag oadlons per volume of
initial solution.

RESULTS AND DISCUSSION
Cyclic polarization

Figures1-3 show typical cyclic polarization curves for Alloys 22 in nitrogen purged solutions.
Corrosion potential did not show a clear dependence with either the pH or the microstructure (themally
aged condition). For the lowest tested pH values, a small activation current peak was dhseansed
which was rarely found at pH 9 (Fid.). Alloy 22 presented a wide passive range with apprately
constant passive current density. The passive current density increased as the pH decredsget(Fig.



it was independent of the microstructure (F&). Passive current values for different pH and micr
structures are listed in Table The decrease in pH values from 9 to 6 produced an increase botk-in pa
sive and transpassive current densities.

At potentials higher that those corresponding to the passive zone an abrupt increase of current
took place with the formation of a transpassive current peak. This transpassive peak could be-deconv
luted in at least three gaussian peaks as can be séegure5. Both potential and current peak maxima
increased with decreasing pH, indicating that the electrochemical reactions that produce these peaks are
pH dependent in a magnitude of around 50 mV per pH unit (B)g. All nickel oxides (including
Ni(OH),) would present a similar behavior (59 mV per pH unit) according to thermodynami¢'data.
Chromium dissolution to chromate or dichromateutbpresent higher pH dependenéésln simulated
concentrated water (SCW) at pH 11 and 60°C and 908€ylts of coordinated polarization experiments
and passive film analyses indicated thia¢ pronounced anodioxidation peak between 200 and 400
mVsce was dueto the oxidation of M&" to Mo®* within the passive filnf> Thermodynamic data
predict, as for chromium, larger pH dependence for this reactioroigbdenum.

After this first transpassive peak, a second current increase took place in the polarization curves
(second transpassivity). This second current increase seemed to be pH dependent but in a lesser exten
than the first transpassive multiplege The potential scan was reversed once the anodic current
reached 1 to 10 mA.crh(the maximum anodic current attained before potential scan reversahwas i
creased at pH 6 to allow full visualization of the first transpassive peak). A large currdstdsis le-
tween forward and reverse potential scans was observed. Once the polarization curve was finished a
yellowish gelainous precipitate was found in the solution inside the electrochemicahweélpartially
covering the probe.The cyclic polarizabn was then repeated but reversing the scan at potentials i
mediately after the first transpassive peak (. Neither precipitates nor positive current hysteresis
were found this time, on the contrary, the electrode seemee wmpletely passivated in the reverse
potential scan.

Microscopic observation

At the conclusion of all the polarization curves, the specimens were examined microscopically
for signs of corrosion. Neither pits nor crevices where found in any casetiveosiurrent hystereses
observed in the cyclic polarization curves should then be attributed to film dissolution and to tie corr
sponding loss of corrosion protective power.

X-Ray Fluorescence (XRF)

A qualitative analysis of the precipitates found icatied the presence of significant amounts of
silicon (Si) and Ni as main components. The most likely source of diss@vésithe borosilicate test
cell. Amorphous silica has a great adsorption capacity and can trap heavy metal ions in its sttucture.
Both solutions and precipitates, obtained after the polarization curves were ended, were analyzed
quanttatively looking for metal ions using XRF. Figuré shows the concérations found after
polarization curves of Figur8. Ni, Cr, Fe and W were the principal elements found in the analysis
must be taken into account that certain amount of Ni could have been deposited innker eectrode
because of the nobility of this element, and consequently it did not appear in this analysis. As it was
previously mationed, the prgence of Mo was hindered by the molybdenum anode used in the
equipment so that the anodic charge calated with these mellac element concentrations was lower
than that obtained by integration of the anodic current during the wider cyclic polarization. From Figure
3 it is seen thatnsignificant metal disgution had occur after the first transpasspeak reinforcing the
idea that this peaks correspond to solid phase transformation from one oxide to another with higher ox
dation state. Possibly, the same oxide presents three different reversible potentials for different surface
states. Mo dissolutiv at the first transpassive peak, as proposed elseffhereuld not be evaluated
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dissoluti at the first transpassive peak, as proposed else?hereuld not be evaluatedebauseMo
can not be detected in these tests.

Potentiometry

The analysis of the localized corrosion susceptipivith the electrochemical parameters-e
tracted from the cyclic polarization curves was carried out, anyway, following the procedure ofi-a prev
ous publicatiort* The corrosion resistance model for the degradatibthe waste package specifies
that the outer wall may suffer localized corrosion only above a certain critical potengigl (Ehis Ei
represents a potential above which the current increases substantially and irreversibly above the passive
currentdensity. At a potential below &, the corrosion rate will be given by the passive dissolution rate
at the respective value of the free corroding potentigd{E E.i: is a parameter that may vary in value
depending on the testing method. This parsaneould represent, for example, the breakdown potential
(Ep) or a repassivation potential {E In any case, the safety margin against localized corrosion is given
by AE = E.it — Ecor. Since the true value of & is not known, another criterion igsed to establish a
threshold potential. The threshold potential is defined a|B&d represents the lowest value of potential
during potentiodynamic polarization at which the current density reachegAzém?. This pre
determined current density coulthve been attained through an intermediary anodic peak (as in this
case), the onset of pitting corrosion, crevice corrosion or even by transpassivity. Therefore, the criterion
used in this study is considered as a “highly conservative value” since thenedeary anodic peaks
may not represent steady state conditions.

In order to determindE = E,; — Ecor, the open circuit potential attained after 24h immersion in
fresh solutions without nitrogen purging were measured as a function of pH and microstructure, results
are shown in Tabl@. Even in the case that the first transpassive peak, which determineddthal e,
would diminish the corrosion resistance of the passive film, the safety maggwas high enough to
prevent from corrosion degradation, under the supposition Ehgtafter 24h can be extrapolated to
longer times. The shift of the corrosion potentials after immersion until 24 h was approximately 350
mV, a value that is in good agreement with published results for longer pefesilts obtained at
Lawrence Livemore National Labs for as long as four years indicate a shift in more than 500 mV in
corrosion potential for other solutioRs.

Amperometry

Figure7 shows the vaation of the anodic current when two different constant potentials, one in
the passive range and the other at the top of the first transpassive peak, were applied to MA coupons of
Alloy 22 immersed in saturated NaF solutions at pH 9 purged with nitrogiter the tests the probe
held potatiostatically at the passive potential showed a metallic characteristic aspect while the probe
held at the transpassive potential showed interference colsiter two hours the currents of psive
and transpassive pattials were quite similar compared with the corresponding values obtained during
cyclic polarization (Fig.3) where the difference between them was of two orders of magnitude. This is
in good agreement with the results obtained wh& potential scan was reversed immediately after the
first transpassive peak (Fi@) and withthe idea thathis peak corresponds to an homogeneous solid
electrochemical reaction.

Electrochemical Impedance Spectroscopy
The corosion rate of freely corroding samples was monitored using the Electrochemical-lmpe

ance Spectroscopy Technique. Figu8eand9 show typical Bode diagrams obtained during BiSas-
urements at the corrosion potential. A diagram like that of Figuingas obtained immediately after



immersion of the samples and when the corrosion potential was at the small anodic activationpeak p
tential ran@. It was observed that the phase angle presented two maxima corresponding to two time
constants. The high frequency time constant was attributed to exchange current densities due to the
proximity to the reversible potentials for the metal oxidation. eTlhw frequency time constant is then
considered as the charge transfer leading to the corrosion rate. Once the anodic oxide was formed and
the corrosion potential was moved towards the full passive range, impedance diagrams changed to si
pler ones preséimg a single time constant as that shown in Figlwrdn both cases Bode plots presented
phase angle maxima smaller than 90° and absolute values of the impedance modulus slope lower than 1.
Correspondingly, Nyquist plots (not shajwshowed a depressed seciicle aspect. Many reasons have

been proposed in the literature to explain this behavior such as surface roughness, frequency dispersion
of time constants due to local inhomogeneities in the dielectric material, porosity raaspdrt effects

and relaxation effect&'?*?°?’ |n order to account for these effectmnideal capacitors must be iiotr

duced into the equivalent circuit proposed to reproduce the experimental results, according to the theory
presented by Jonsch@r. In the present case, equivalent circuits coimsisbf a pure resistanced:in

series with parallel circuits of ideal resistances and-id@al capacitors called constant phase elements
(RQ—R||CPE§4 were proposed. These equivalent circuits are the simplest that can simulate ed

quately the experimental results and are depicted in Fij0r& hey do not include all the complexities
involved in taking into account the exact semiconductor properties of the metallic oxldes would

imply to add more complex circuits elements as diétles frequency dependent resistances typical of
porous electrodes with distributed resistances and capacitances in a nétwarkthe proposed equay

lent circuits, the following transfer functions are obtained:

R
Z, =R, + LF (2)
Y1+ (j(’ORPCLF )BLF
for one phase angle maximum, and
Zm = RQ + RHF + RLF (3)

1+ (joRyeCue )™ 1+ (joR Cr )™

for two phase angle maxima, where j is the imaginary unit-(9qm is the angular frequency,JRs the
ohmic component of the complex impedancea very high frequencies, C denotes ideal capacifors,
is the dispersion parameter indicating theidéwen of the model form pure £ circuits® and subscripts
LF and HF correspond to the parameters fitted at low and high frequencies, respectively.

Equations2 and 3 were fittedto the experimental impedance spectra using the Simplex method
with software developed in our laboratory. A good agreement was obtained between fitted amd exper
mental results as can be shown from FiguBesd9.

Impedance measurements were made periodically at the corrosion potential during 24 hours of
immersion. Using the above mentioned methodology fitting parameters were obtained and tree low fr
qguency ones are shown ingtire11 for Alloy 22 in MA condition at pH 9 as an example. It can be seen
that the passivation of the alloy is associated with an increase in the low frequency resistaand R
decrease of the low frequency capaciarG . The values obtained for €lie in the double layer &@-
pacitance domain (between 20 to BB.cm?). When the initial B, was located at potentials in the-a
tive anodic peak range, high values ofrQvere obtained indicating the presence of fargarocesses
with could produce pseudcapacitances higher than the double layer capacitance. As was mentioned
before the low frequency resistancesRvas associated, then, to the transfer resistance leading to the
corrosion current and it will be mentied hereafter as the polarization resistange R



Figurel2 shows the variation of both.& and R> as a function of time. The variation ofsRvith
time can be associated to both a changed Ehifting to more noble gtentials with time) and to the
elapsed time at a fixed potential, which produce increasing and/or aging of the oxide film

Figure13 shows the variation ofg&and corrosion rate, calculated with dg.as a tinction of the
pH of the solution and the microstructure of the alloy after 24h of immersion. It can be seen that, for all
the microstructures in the range of pH tested, the corrosion rate calculated was very low, andethat it d
creased when the pH was neased. There were no differences in corrosion rates for the three-micr
structures at pH 6 but at pH 9 lower corrosion rates were obtained for the aged samples being LRO the
one that presented the lowest corrosion rate at thislpdhg-range ordering resion is thought to cause
detrimental effects upon stress corrosion cracking and hydrogen embrittlement but no or little effect
upon passivity? The presence of tetrahedral close packed (TCP)gshpeecipitates not only did not
increase corrosion rate but also decrease this parameter at prk8e differences in corrosion behavior
for different microstructures where not detected by passive currents differences in the cyclic polarization
curves ssibly due to the potential scan rate used. At pH 9 lower corrosion rates implies higher periods
of time to wait until stationary state is reached. Steady state polarization curves will surely detect these
differences in corrosion behavior.

CONCLUSIONS

- Alloy 22 is highly resistant to localized corrosion in saturated NaF solutions at 90°C for the three
microstructures used: MA, TCP and LRO. Neither pits nor crevices where found after anodic
polarizations reaching currents up tel@ mA.cm?. Positivecurrent hysterses observed in cyclic
polarization curves are due to film dissolution.

- Solution pH showed a considerable influence over passive and transpassive currents for the three
microstructures studied. The lower the pH the higher the passiveamspassive current dens
ties.

- The first transpassive peak observed in the anodic potential scans should be attributedao electr
chemical transformationsithin the oxide like those of nickel and/or molybdenum.

- General corrosion rates for all microstuces, tested after 24 h immersion in saturated Naé&-sol
tions at 90°C in the pH range between 6 and 9, are very low, 0rdyeai’ and lower. At the
higher pH LRO and TCP microstructures have lower corrosion rates than the MA condition.

- Degradation of orrosion properties by the presence of TCP phases was not detected indthe stu
ied conditions.
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TABLE 1
PASSIVE CURRENT DENS'IES FOR ALLOY 22 IN SAT. NaF AT 90°C.

AVERAGED VALUE FROM CYCLIC POTENTIODYNAMIC POLARIZATION CURVES IN THE

PASSIVE RANGE

ipassiviTy, UM/ cnt
pH | MA | TCP | LRO
6 2,02 2,15 2,07
7,3 | 0,87 - -
9 0,65 0,60 0,71

TABLE 2

SAFETY MARGIN FOR TRANSPASSIVITY ONSET FOR ALLOY 22 N SAT. NaF AT 90°C.

E2o- Ecorr(24 hs), V
pH | MA | TCP | LRO
6 | 0,407 0,391 0,459
7,3 | 0,425 - -

9 | 0456 0,401 0,385
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FIGURE 4 — Deconvoluted peak potentials of thens for Alloy 22 MA in sat. NaF,pH 9 at 90°C
first transpassive peak forllyy 22 in sat. NaF atcorresponding to cyclic potentiodynamic polariz
90°C. Empty symbols: pH 9, full sybols: pH 6.  tion curves A and B of Figure 3.
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FIGURE 7 —Amperometry for Alloy 22 MAin  FIGURE 8 — Bode plotfor Alloy 22 MA in sat.
sat. NaF, pH 9 and 90°C..Nubbling. NaF, pH 7.3, 90°C, at g = -0.516 Vicg after 5 h
of immersion, wihout N, bubbling.
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FIGURE 9 — Bode plot for Alloy 22 MA in sat. FIGURE 10 — Equivalent Circuits fitted to the
NaF, pH 7.3, 90°C, at & = -0.112 Vscg after 24 experimental impedance results like those aj-Fi

h of immerson, without N; bubbling. ures8 and9 respectively
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FIGURE 12 — Corrosion potential ah low fre-
quency restance for Alloy 22 TCP in sat. NaF,
pH 9 at 90°C, witout N, bubbling.

FIGURE 11 — Variation of R and Gg with Ecorr
for Alloy 22 MA in sat. NaF, pH 9 at 90°C, wht
out N, bubbling.
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FIGURE 13 — Variation with pH of polarization
resistances and omsion rates for Alloy 22 in sat.
NaF at 90°C after 24 h of immewsi, without N
bubbling.



